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ABSTRACT
Certain effects of gaseous nitrogen and oxygen on rumen microbial 
population were measured by iji vitro techniques. These were the possible 
utilization of gaseous nitrogen by rumen microbes through nitrogen 
fixation and the investigation of a theorized stratification of members 
of rumen population in response to oxygen.
Nitrogen fixation was investigated through the incubation of 
washed cells obtained from fistulated rumens, when these were provided 
a source of energy, but no nitrogen source other than the gaseous form.
Stratification due to response to oxygen was investigated by 
incubating fluids from the rumen bottom (found to have been under lower 
oxygen tension _in vivo') and fluids from the top under aerobic and 
anaerobic conditions. Response of organisms was measured in terms of 
cellulose digestion, redox potential and volatile fatty acid ratio.
A fraction of the rumen populations from which cells were ob­
tained for the nitrogen fixation trials was found to have the ability 
to reduce atmospheric nitrogen. A significant increase in reduced 
nitrogen was assumed proof of nitrogen fixation.
No stratification of rumen microorganisms due to oxygen was 
found. The experiment failed to measure differences in cellulose 
digestion or redox potential due to the atmospheres imposed. The data 
does, however, suggest a strong ability of rumen microorganisms to 
adapt to varied oxygen tensions. Differences were found to exist in the
viii
ix
data between volatile fatty acid ratios (acetic; propionic, acetic; 
butyric) produced under anaerobic and under aerobic conditions, Oxygen 
was not found to have been a critical factor in the biological activi­
ties measured in this experiment.
I. INTRODUCTION
Nature has provided the dairy industry with a nearly perfect 
product, but the ability of milk to compete economically with other foods 
will be a function of dairy people through their knowledge of the tools
at their disposal and their ability to use them.
The basic tool of the dairy industry is the cow and in her are
found the sources of efficiency upon which the dairy industry can
survive and prosper. The symbiotic relationship existing between the 
cow and the microbes active in her rumen provide the animal with the 
ability to combine the advantages enjoyed by the mammal with many of 
those found otherwise only among members of the plant kingdom. Among 
these advantages are the abilities to utilize roughage and non-protein 
forms of nitrogen.
The ability of the dairy cow to convert nutritive forms unavail­
able to man into a highly nutritious food is the basis upon which the 
dairy industry exists. The mechanism of this conversion is urfique 
among large animals to the ruminant and provides an area of study and 
research which is not comparative. Medical research and allied fields 
cannot be relied on for the basic knowledge essential to progress in 
this area.
This study of "Certain Effects of Gaseous Nitrogen and Oxygen
on Rumen Microbial Populations" was undertaken in an attempt to contri­
bute to the store of basic knowledge of the rumen that the author 
believes essential to the survival of the dairy industry.
To the beginner in rumen research, it would seem that past re­
search in this area has been a combination of classical bacteriology in 
conjunction with attempts to do research with microbial systems as 
though they were animal populations.
That relatively large amounts of nitrogen and oxygen enter the 
rumen can and will be documented in following pages, but the effects of 
this gaseous nitrogen and oxygen have not been treated by investigators 
as if a system of bacterial life were involved. Nitrogen has been 
treated as an inert gas, an assumption which cannot be safely made where 
bacteria are concerned. The utilization of oxygen has been considered 
a means to the end, anaerobiosis. The effect of oxygen utilization on 
the microbial population has been ignored. An apparent contradiction 
exists between the literary presentation of the rumen as an anaerobic 
fermentation chamber and the factual existence and well being of rumen- 
fistulated animals equipped with poorly fitted fistula which permit 
relatively free passage of ambient air into the ruminal cavity, From 
all outward appearances, these animals enjoy normal digestion.
The objectives of this research were to investigate the possible 
fixation of gaseous nitrogen by rumen microorganisms and the possible 
stratification of the members of rumen populations in response to the 
presence of free oxygen.
II. REVIEW OF LITERATURE
Annison and Lewis (4) define the rumen as an anaerobic fermen­
tation chamber. In this chamber, a wide variety of microbial systems 
operate, enabling the ruminant to utilize enormous quantities of 
roughage. If it is remembered that grass, hay and silage may contain 
20% of cellulose or crude fiber, and the digestibility coefficient of 
this component may range from 50-90%, it is clear that the function 
of the rumen in this respect is of intense mutual importance to the cow 
and to her owner (9). The products of cellulolytic breakdown, apart 
from gases, are bacterial polysaccharide and volatile fatty acids.
The latter are absorbed by the animal from the rumen and omasum and are 
involved, among other considerations, in energy production and milk fat 
formation (8).
While the utilization of fiber may be regarded, from the human 
point of view, as sufficient Justification for the existence of a rumen 
the activities of that organ do not stop there. In addition, quanti­
ties of non-protein nitrogen are capable of being synthesized micro- 
biologically to protein (60).
The rumen itself is a factory providing ecological conditions 
and mechanical equipment for the use of billions of microorganisms. 
Divorced from the microbial population, the rumen would serve no func­
tion whatsoever (58).
A. The Role of Gaseous Nitrogen in the Rumen
As ambient air enters the rumen, approximately 217. of Its volume 
is oxygen, while 767. is nitrogen. Reports in the literature do not 
credit nitrogen gas with any role in regard to rumen microorganisms or 
rumen function. In fact, nitrogen has been used by many workers (20,
69, 55) in the maintenance of anaerobic conditions in artificial rumen 
trials, the gas being used as an inert component of these systems.
The composition of rumen gases as reported by Nichols (80) in 
1947 varied from 30 to 637. carbon dioxide, and 22 to 357. methane.
Nitrogen was found to vary between 5 and 207., and oxygen between 1 and 
57.. As it is known that oxygen is rapidly utilized by rumen microflora, 
the relative constancy of the 4 to 1 ratio of nitrogen to oxygen found 
in ambient air and in the gaseous atmosphere of the rumen raises a 
question. Nitrogen must either be utilized or selectively eliminated 
from the rumen in order to maintain this similarity.
1. Metabolism of Non-protein Nitrogen in the Rumen
Rumen microorganisms are known to utilize a wide variety of non­
protein nitrogen. Ammonia is the principle form used (30). Warner (99), 
Chalmers and Synge (32), El Shazly (43), McDonald (75), and many others 
have made intensive studies of the formation, absorption and utilization 
of this form of nitrogen.
The study of amino nitrogen has been accomplished by Annison (3), 
Synge (97), and Sirotnak (88). Lewis (67, 68) has demonstrated the re­
duction of nitrate to ammonia by rumen microorganisms and nitrites in 
the rumen have attracted considerable interest due to their toxicity 
(79, 13, 2). While much is yet unknown about nitrogen metabolism, both
the oxidized and reduced forms of the element have been extensively re­
searched and found to be of importance to ruminant nutrition.
2. Nitrogen Fixation
The ability to use molecular nitrogen as a nutrient is, like the 
oxidation of ammonia and nitrite, a property of a limited number of 
bacterial species (29). Evidence of the biological basis of nitrogen 
fixation was reported in 1862, and it was later shown that the increase 
in organic nitrogen content of uncultivated soils could be prevented by 
sterilization or storing at low temperatures (23). Burk and Burris 
(24) reported that following the works of Winogradski, Hillriegel and 
Wilforth and others it became apparent that atmospheric nitrogen is 
fixed by
(1) free-living bacteria both
(a) anaerobic and
(b) aerobic and by
(2) bacteria living symbiotically with 
leguminous plants.
According to Wilson (102), Atwater reported nitrogen fixation in 
1885, using increase (or loss) in total nitrogen as proof of nitrogen 
fixation.
The anaerobic organism, Clostridium pastorianium. isolated by 
Winogradski in 1893, was the first nitrogen-fixing bacterium to be 
studied in pure culture (25). When cultured under anaerobic conditions 
in a medium containing glucose but no nitrogen, the organism grew well, 
obtaining its energy through the fermentation of the sugar and its 
nitrogen from nitrogen gas. Burris and Wilson (25) reported that
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Winogradski also used increase (or loss) in reduced nitrogen as proof 
of nitrogen fixation.
Wilson (101) found the use of KJeldahl techniques to have been 
inferior to traceable nitrogen in cases of samples containing high 
levels of nitrogen. Kjeldahl technique was, however, reported satis­
factory in determining nitrogen fixation in most free-living systems.
The nitrogen-fixing organisms derive their energy from other re­
actions and cannot use nitrogen gas as a source of energy. For many 
years it was supposed that only two groups of organisms among the 
bacteria, Azotobachter s p . and certain of the Clostridia, could fix 
nitrogen in culture. Gradually several other organisms, all photosyn­
thetic bacteria so far tested, and a few others, have been demonstrated 
to fix nitrogen (98). But still the process is restricted. A great 
deal of study has been devoted to the process of nitrogen fixation, and 
nitrate, nitrite, hydroxylamine, oximes of keto acids, and ammonia have 
all been supported as the products at one time or another (6, 103, 26,
1, 27, 5). The best evidence from tracer studies using heavy nitro­
gen indicated that the first detectable product is ammonia, which is 
almost immediately converted into the amino group of glutamic and 
aspartic acids (5).
The non-symbiotic nitrogen fixing bacteria may utilize a wide 
variety of foods for energy, including certain hemicelluloses, starches, 
sugars, alcohols and organic acids (77). Nitrogen fixing Clostridia, 
acting under anaerobic conditions, ferment energy yielding foods with 
the production of butyric acid and hydrogen gas as the main by-products 
(28, 31).
7 .
All known nitrogen fixing bacteria, fix nitrogen in alkaline and 
neutral environments with fixation proceeding most rapidly at pH 7.0 to 
7.5, Starkey (93) has reported the isolation of a species which fixes 
nitrogen when grown in an acid (pH as low as 3.5) medium.
In addition to pH, the presence of hydrogenase activity or heavy 
concentrations of free hydrogen inhibit nitrogen fixation (47, 54). At 
this point attention is drawn to the work of Pilgrim (86) who found 
significant amounts of hydrogen in the rumen only when feeding was re­
sumed after a period of starvation.
3. Nitrogen Fixation in the Rumen
No report of investigations concerning the existence of nitrogen 
fixing bacteria among rumen microorganisms has been found by the author. 
Ellis et _al (40) have devised a ration for ruminants based on a cellu- 
losic material (Solka Floe) that is essentially free from nitrogen. The 
diet, was however, not readily consumed and no information was given as 
to the effect on rumen microbial flora. The experiment could conceiv­
ably have detected nitrogen fixation, even though designed to investigate 
quality of protein and not nitrogen fixation.
Warner (99) has suggested that ruminal ammonia production in the 
absence of readily available protein may be due to the endogenous meta­
bolism of the ciliate fraction. Nitrogen fixation could also explain 
this occurrence.
The ruminant, of all the higher animals, is the most closely 
associated with the soil. As several strains of nitrogen fixing bacteria 
are plentiful in most soils (29), it would be surprising should the rumen 
not have become innoculated with some strain or strains of the organisms
8
at some time during the centuries of grazing which have characterized 
the ruminant,
B. The Role of Oxygen in the Rumen
Literature concerning the role of oxygen in the rumen is sparse 
and contradictory. The major importance attached to oxygen is its ab­
sence which is accomplished through immediate utilization of the incom­
ing supply of the element.
1, Anaerobiosis and the Rumen
When the rumen is defined as an anaerobic system, definition of 
the word anaerobic becomes critical. Funk and Wagnall (44) have defined 
the term as an adjective of the word anaerobe which in turn refers to 
those microorganisms that grow without oxygen. Webster (100) has defined 
anaerobic as "living or active in the absence of free oxygen."
Oginsky and Umbreit (82) have classified microorganisms as to 
their response to air (or the oxygen it contains) into four groups. The 
first of these groups is the strict anaerobe. . To this group, oxygen is 
toxic. Exposure to free oxygen results in oxidation of flavine com­
ponents and a resulting production of hydrogen peroxide, which accounts 
for the toxicity. As these organisms contain no catalase, they cannot 
exist in the presence of oxygen. Particular attention is directed to 
this concept as it figures largely in the investigations to follow.
The so-called indifferent make up the second class and are a group that 
grow either in the presence or absence of oxygen, but do not exhibit 
the Pasteur effect. These organisms possess iron porphyrins in their 
cytochromes which do not exchange electrons with molecular oxygen. No
mention is found in literature concerning these organisms as possible 
components of the rumen population. Facultatives are organisms which 
grow with or without air, but in air grow much better than without air. 
The final group are the aerobes or those organisms that cannot grow 
without oxygen.
Gall and Huhtanen (46) have suggested that before an organism 
can be looked on as a typical component of the rumen population it must 
be capable of living anaerobically. Bryant and Berkey (19) reported 
98% of 986 strains isolated from the rumen of a cow to have been 
anaerobes. In summation of their work, the authors stated "almost all 
bacteria cultured were strict anaerobes, the exception being faculta­
tive anaerobes of the genus Streptococcus."
Gall, £t al. (45) presented rumen bacteria as being so sensi­
tive to oxygen that anaerobic dilution solutions were required when 
dilutions were undertaken. Hungate (61) outlined an elaborate procedure 
for the anaerobic processing of rumen bacteria. In this process, a re­
ducing agent was placed in the media "so that a low oxidation-reduction 
potential is obtained." This work stressed the need for strict anaerobic 
conditions, but minimized the importance of redox potential by omitting 
any explanation for considering it a factor.
Oxford (83) and Hungate (62), in their reviews of the roles of 
rumen protozoa, state that the protozoa of the rumen are obligate 
anaerobes and are unable to function or exist in altered atmospheres.
Heald and Oxford (58), Gutierrez (52), Sugden (96), Bryant (18), 
Bryant and Doetsch (21), Bauman and Foster (10), and Perry and Briggs 
(85) have all portrayed rumen populations as being made up chiefly of 
strict anaerobes.
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2. Aerobiosis and the Rumen
The apparent normal digestion of roughage by a rumen-fistulated 
cow seems a contradiction of the anaerobic school of thought concerning 
rumen populations. In these animals, the ruminal cavity is continually 
exposed to ambient air.
According to Duke (39) and Gordon (49, 50) a cow ruminates six 
to ten hours per day and since every bolus weighs between 8 and 120 g, 
between 35 and 80 kg of material is ruminated per day. These boluses, 
actively mixed with air during the forty or fifty seconds they are in 
the mouth, are clearly not under anaerobic conditions. In addition to 
rumination, large quantities of oxygen gain access to the rumen during 
the consumption of feed and the drinking of water (15).
Broberg (16) has measured the ability of rumen contents to con­
sume oxygen and reported that a continuous, slow stream of oxygen, when 
fed into the rumen of a sheep for three days brought about no measurable 
changes in rumen function. When large quantities of oxygen were di­
rected into the rumen, the rH level began to rise after a few minutes 
and when rH 19 was reached within ten minutes, the oxygen stream was 
discontinued. After an additional seven minutes, the rH level began 
to decrease and returned to the original level by twenty minutes. Some 
portions of the rumen population were thus demonstrated to have a great 
affinity for oxygen. In a later report, Broberg (17) found rumen 
ingesta to utilize as much as thirty-two ml of oxygen per liter. Baldwin 
and Emery (7) also found that the addition of controlled quantities of 
oxygen to rumen contents incubated jLn vitro had no effect on redox 
potential. Neither did it alter the gas, volatile fatty acid or ammonia 
production of the fermentation medium.
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3. A Possible Stratification of Bacteria in the Rumen
The regular administration of oxygen must have a significant 
role for the biochemical processes in the rumen. The strict anaerobia 
pointed out by many authors (63, 22, 90, 53, 31) must be maintained by 
the utilization of oxygen, if such an oxygen-free atmosphere exists.
The inability of the strict anaerobe to tolerate the presence of oxygen 
should eliminate these organisms from areas of the rumen that are peri­
odically exposed to air (82). The affinity of the facultatives for 
oxygen and the fact that aerobic metabolism is some nineteen times as 
efficient in terms of bacterial energy as is anaerobic should greatly 
concentrate these organisms in the aerobic areas (94).
At Wisconsin, Nichols and others (81) determined the density of 
rumen liquid from animals fed dry hay, green grass, green alfalfa and 
green clover. As bubbles were formed by fermentation of the solid 
ingesta, the bubbles carried the solid particles to the top of the 
rumen. This mechanism was said to determine the pathway of materials 
through the rumen and the length of time they will remain there.
A reflection of the effect of the separation of solid material 
into the upper part of the rumen despite motility was reported by Smith 
and others (90' at Virginia Polytechnic Institute. A stratification of 
materials determined by density was found to have been enhanced by the 
sifting action of rumen motility.
As rumen motion has been pointed out to be a sifting rather than 
a mixing action, this should not discourage a stratification of the 
bacterial population.
The use of in vitro technique in investigations concerning 
ruminal activity and function is a well established approach. Barnett
12
and Reid (9) discuss this mode of experimentation, criticizing artifi­
cial rumen procedures for failure to remove or the method of removal of 
products of microbial metabolism. Again, in adverse criticism, it is 
stated that under vitro conditions a microbial population is built 
up which bears no relation to that existent at the time of starting 
experimentation and that this population is one adapted to perform func­
tions which would not necessarily take place jin vivo.
Sapird nt al. (87), Pearson and Smith (84), and Smith and Baker 
(89) have overcome or restricted these limitations by confining experi­
ments to incubation period of short duration.
Cellulose digestion has been used as criterion for measuring 
the response of rumen microorganisms to treatments imposed by many 
workers (38, 57, 84). The use of cellulose digestion should be an 
excellent indication of the effect of oxygen on rumen microbes as this 
digestion is portrayed as a function of anaerobic systems (58, 61, 21).
Lewis (66) reported that when pure cellulose, was employed as 
the sole substrate in artificial rumen trials, no appreciable digestion 
was accomplished during the first twelve hours of incubation.
Broberg (16) has measured redox potential as a means of deter­
mining microbial activity in rumen ingesta. Gillespie (48) and Hewitt 
(59) found redox potential to give very characteristic curves repre­
sentative of various developmental phases in bacterial cultures. These 
researchers employed platinum electrodes in accomplishing their readings. 
Lee (65) and Nauman (78) recommended the use of the glass electrode in 
cases of measurement of mixed biological systems. The electromotive 
force measured between the glass and calomel electrodes can be
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determined as hydrogen ion activity. The potential measured by the 
platinum electrode is an indeterminate quantity unless correlated to some 
specific function of the system measured.
No report of nitrogen fixation by rumen microorganisms has been 
found during the review of literature accomplished preliminary to the 
experiments reported in the following pages.
The current concept of rumen microbial populations supports the 
rationalization of a stratification of these members in response to their 
affinity for or the incompatability with molecular oxygen.
In vitro techniques will be used to investigate these possibili­
ties.
III. MATERIALS AND EXPERIMENTAL METHODS
A. Determination of Nitrogen Fixation
The method employed in the determination of nitrogen fixation 
by rumen microorganisms was an incubation trial in which washed cell 
suspensions obtained from fistulated cows were provided with a source 
of energy, but no source of nitrogen other than the gaseous form.
1. Collection and Preparation of Microbes
Four rumen-fistulated cows, three Jersey and one Holstein, 
were available sources of rumen fluid for this experiment. The cows 
had been fed a diet of alfalfa hay for some thirty days prior to and 
throughout the length of this experiment. No alteration was made in 
the environment of the cows with the exception of denying water for a 
period of two hours prior to collection.
Rumen fluids (approximately 1200 ml from each animal) were 
collected for all trials in an identical manner. Fluid and ingesta 
were removed from the lower areas of the rumens and filtered through 
four layers of cheesecloth into pre-warmed thermal containers. The 
samples were taken immediately to a laboratory and were .filtered through 
a half inch thickness of cotton, employing a Buchner funnel and vacuum. 
Supernate obtained was centrifuged at 4080 x g for a period of 30 
seconds. The supernate was collected and centrifuged again at 4080 x g 
for a period of 15 minutes. The bacterial suspension obtained was
14
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washed and packed three times in physiological saline. The total cellu­
lar extract from each animal was transferred to an erlenmeyer flask and 
suspended in 200 ml of physiological saline.
2. Preparation of Samples
Samples for all trials were prepared in an identical manner.
Five ml aliquots of the above mentioned 200 ml suspensions were dis­
pensed into 200 ml digestion tubes. To each tube containing a 5 ml 
portion of inoculum, 20 ml of McDougall's (76) artificial saliva, a 
non-nltrogenous buffer, and 2% glucose solution were added. The final 
product consisted of washed cells suspended in a buffered glucose solu­
tion. The solution contained 0.897. glucose, but no nitrogen source.
3. Incubation Trials
Samples were incubated at 39° C. in accordance with the other 
controls exerted which were directed toward attempting to simulate the 
natural environment from which the organisms had been collected, the 
rumen. One-third of the samples were frozen immediately upon comple­
tion of preparation. One-third were flushed with carbon dioxide and 
placed in the water bath for incubation. The remaining samples were 
provided a source of nitrogen gas and incubated in a manner identical 
to that employed with the samples under CO2 .
The nitrogen source was supplied via a cylinder of compressed 
gas which was channeled by means of micro tubing to capillary pipettes 
which in turn extended through rubber stoppers and into the sample.
Rate of flow and distribution of nitrogen was controlled through a
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system of Acqua Life air valves. Figure 1 is an illustration of this 
apparatus. Figure 2 shows a modification of this apparatus used in 
digestion trials.
Two separate trials were run. In one all inoculum was obtained 
from a single cow source and incubated for a period of 16 hours. The 
second trial involved the preparation of resting cell suspensions from 
the rumens of 4 fistulated cows. Eighteen samples were prepared 
separately for each cow, 6 zero time samples, 6 incubated under CC^ 
atmosphere and 6 supplied gaseous nitrogen. The 12 samples receiving 
gas treatment were incubated at 39° C. At the end of 16 hours of 
incubation 2 samples from each gas treatment from each cow group were 
removed from the water bath and frozen. This process was repeated at 
the end of 24 and 32 hour intervals.
4. Nitrogen Analysis
All samples were analyzed for content of reduced nitrogen by a 
micro-Kjeldahl technique (56).
B. Determination of a Stratification of Microorganisms
Investigation of a possible stratification of rumen micro­
organisms in response to oxygen was measured by comparing the responses 
of organisms collected from anaerobic areas and aerobic areas of the 
rumen when each was exposed to aerobic and anaerobic atmospheres in 
vitro.
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Figure 1. Gas Apparatus Emploved in Nitrogen Trials
Figure 2. Gas Apparatus Employed in Digestion Trials.
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1. Location of Oxygen in the Rumen
a) Methylene Blue as a Detector
Feldes (74) method for the detection of anaerobiosis was em­
ployed in an attempt to detect the anaerobic portion of the rumen.
Nine ml of Feldes solution were dispensed into each of forty- 
eight 20 ml test tubes. The tubes were boiled until colorless, flushed 
with CO^ an<* capped with rubber diaphragm stoppers. Tops were then 
dipped into hot paraffin.
Ten ml glass syringes equipped with 16 gauge needles were placed 
in plastic bags which were thoroughly flushed with CO2 . The syringes 
were filled with CO2 . Tubes and syringes were taken to the test animal. 
Syringes were inserted into rumen ingesta and directed to varied areas 
for sampling where the CO2 in the syringes was expelled and fluid was 
drawn into the syringe. The sample was removed and injected into the 
detecting solution.
b) Determination of Oxygen Concentrations
An oxygen meter was used in determining levels of oxygen in the 
fistulated rumen. Illustrations of the instrument and its usage may be 
found in Figures 3 and 4.
For recording and testing purposes, the rumen was divided into 
six hypothetical areas as shown in Figure 5, Three readings were taken 
in each area at time intervals of 1, 2, 4, 6 and 12 hours following 
feeding. This procedure was repeated for five successive days and values 
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Figure 5. Hypothetical areas into which the rumen was divided for purposes 
of measuring oxygen content.
IS)o
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The test animal was denied water for forty-five minutes preced­
ing testing.
2. Collection of Fluids for Artificial Rumen Trials
The sole source of rumen fluids for the iji vitro trials in this 
experiment was a rumen-fistulated, non-pregnant, non-lactating Jersey 
cow. The cow was maintained on a complete diet of alfalfa hay for 
thirty days prior to collection and throughout the collection period.
Approximately one and one half liters of rumen fluid was ex­
tracted from each the top and bottom stratas of the rumen of the fistu- 
lated animal mentioned earlier. Fluids were collected ten hours after 
feeding and the animal was denied water for two hours prior to collec­
tion.
Fluid from the top strata, hereafter referred to as "top fluid," 
was obtained by squeezing ingesta taken from the top six inches of 
rumen content. The resulting fluid was filtered through eight layers 
of cheesecloth and funneled into a two quart, pre-warmed thermos jug. 
Fluid from the bottom strata, "bottom fluid," was collected by means 
of fourteen ounce plastic bottles, which were previously flushed with 
carbon dioxide and capped. Caps were not removed until immersed into 
the fluid at the rumen bottom and were recapped prior to their removal 
from this area. Two four-quart plastic pitchers equipped with tops were 
flushed with carbon dioxide, and filtering of fluid was accomplished 
within the volume of these pitchers. The fluid was then transferred to 
a two quart, pre-warmed thermos jug.
3. Artificial Rumen Trials
Filtered whole rumen liquor was employed in artificial rumen 
trials as described by Baumgardt (11),
Samples were prepared by pipetting 25 ml of artificial saliva 
as formulated by McDougall (76) and 25 ml of rumen fluid into two hundred 
ml fermentation tubes. To each tube, a one gm sample (dry matter) of 
either ground alfalfa hay or ground cellulose was added. The proportion 
of rumen fluid to saliva to substrate (25:25:1) was a modification of 
the ratio (25:30:1) used by Baumgardt (11).
The substrates used in these trials were coarse ground cellulose 
and alfalfa hay. The hay was ground in a Wiley mill employing a fifty- 
five mesh screen.
For each trial, 26 samples were prepared using bottom fluid and 
26 with top fluid. Thirteen of each of these contained cellulose and 
13 contained alfalfa hay. Four samples, one each containing bottom 
fluid and alfalfa; bottom fluid and cellulose; top fluid and alfalfa; 
and top fluid and cellulose, were designated zero-time samples and were 
frozen immediately upon preparation.
The remaining 48 samples were incubated, half to anaerobic and 
half to aerobic environments. The half treated anaerobically consisted 
of six samples of the combinations bottom fluid and cellulose, bottom 
fluid and alfalfa, top fluid and cellulose and top fluid and alfalfa. 
These samples were flushed with CO2 upon preparation and placed in a 
water bath for incubation.
The remaining 24 samples, the same combinations as above, were 
incubated in an aerobic atmosphere provided by continuous flushing with
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ambient air. An apparatus was designed, as illustrated in Figure 2, 
employing twelve three-way and twelve two-way Acqua Life air valves.
These valves were assembled with three sixteenth inch brass tees and 
micro-tubing. The air supply was directed into each tube by means of a 
capillary pipette from which the elongated portion had been removed.
Tips of pipettes were suspended one-half inch above the surface of the 
sample. This necessitated continuous shaking down of the alfalfa 
samples due to their tendency to rise in the fermentation tubes. Valves 
were adjusted individually in an effort to equalize the flow of air to
the tubes and to utilize the maximum out-put of the air source.
All samples were incubated in a water bath at 39° C. The water 
bath was equipped with an improvised shaker (See Figure 2).
One tube from each combination of fluid, substrate and gas was 
removed from incubation at 1, 2, 4, 6 and 12 hours. At the end of each
time period, eight samples were removed. As there were five time periods,




Measurement to establish redox potential were made immediately 
following removal of samples from incubation. A Beckman Zeromatic pH 
meter equipped with standard glass and calomel electrodes was used.
Electrodes were immersed in the samples and redox potential was 
read and recorded from the seven hundred scale.
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b) Extraction and Determination of Volatile Fatty Acids (VFA)
Immediately following measurement of redox potential, samples 
were placed in a centrifuge and subjected to a force of 2,000 x g for a 
period of fifteen minutes. Twenty ml of supernate were removed from the 
samples via a fifty ml syringe equipped with a six inch cannula. This 
fluid was frozen for future extraction of volatile fatty acids. An 
additional ten ml were removed to facilitate drying. The residue was 
then frozen in an ethanol-dry ice bath and stored at -5° C.
In preparation of zero-time samples, the rumen fluid-saliva mix­
ture were centrifuged and supernate removed prior to the addition of 
substrate,
Fifteen ml aliquots of the 20 ml samples taken for VFA deter­
mination were extracted and prepared after the method of Conrad (35) 
with modifications as suggested by Larson (64). This procedure con­
sisted of a simple extraction of acidified sample, pH 1, with suffi­
cient ethyl ether to prevent the formation of an emulsion. Ten ml of 
ether proved sufficient for the extraction. The modification of 
Conrad's method consisted of the substitution of a twenty-five ml 
graduated cylinder for the separatory funnel used in Conrad's work.
The fifteen ml samples were placed in cylinders. To each was 
added 1.5 ml of 4 N ^ S O ^ ,  Ten ml of ethyl ether were added and the 
contents thoroughly mixed. Capillary pipettes were used in drawing 
off approximate 3 ml portions of the ether phase. Samples were then 
treated with sufficient amounts of sodium sulfate to insure removal of 
water prior to injection into the gas chromatograph.
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The Instrument used in determining the ratio of volatile fatty 
acids produced was a Micro-Tek, GC 1600. The column used was a 207. 
diethyleneglycol succinate and 27. phosphoric acid mix packed on 80-100 
chromoport. Flow rate of the carrier gas, helium, was adjusted to 65 
ml per minute. Oven temperature was established at 153° C. with an 
inlet heat of 103° C. and a detector temperature of 203° C. The chart 
speed was 1 inch per minute. Oven temperature and flow rate were criti­
cal in the separation of these short chain acids with the succinate 
column.
Five microliter aliquots of each sample were injected at approxi­
mate 25 minute intervals. Charts were tabulated, assuming acetic, 
propionic and butyric as 1007. of total acid production. Peak areas for 
the individual acids were computed by 1/2 base time height of peak and 
results expressed in area 7. of the total acid production.
c) Cellulose Analysis
Residue obtained from the centrifugation process discussed in 
section (b) were placed in a convection oven and allowed to dry for 
twelve hours at 80° C. While complete drying was not accomplished dur­
ing this period, it was not felt that enough moisture remained to dilute 
to an appreciable extent, the acid mix used in cellulose analysis. 
Analysis of cellulose was accomplished through the method of Crampton 
and Maynard (37) as modified by Matrone (72). The complete digestion 
process was accomplished without transfer from the original fermentation 
tubes as suggested by Baumgardt and Hi Kon Oh (12).
IV. RESULTS AND DISCUSSION
A. Nitrogen Fixation
1. Results
Table 1 contains the data obtained from the analysis of samples 
from the first phase of this investigation. These data reveal a rela­
tively large difference in nitrogen content favoring those samples which 
were provided gaseous nitrogen over the CO2 treated samples and the zero 
time samples. To determine whether this difference was real, data were 
analyzed through standard analysis of variance. Zero time, CO2 and N2 
were considered 3 treatments and were compared by making orthoginal com­
parisons. Zero time samples were compared with those incubated under 
CO2 atmosphere and no significant difference was found (<(1). Zero time 
and CO^ treated samples were compared with those having been supplied 
gaseous nitrogen. The difference was found to be highly significant at 
P < 0 1 .  The analysis of variance table for this trial may be found in 
Table la.
The second phase of this experiment, using organisms from 4 cows 
and employing 3 time intervals also resulted in large increases in the 
nitrogen content of samples treated with gaseous nitrogen. Within cow 
variance was found to be as great as among cow variance and the 8 samples 
collected 2 from each of 4 cows were considered 8 cows for purposes of 
analysis. Data from this trial are shown in Table 2. Through standard 




NITROGEN CONTENT OF ZERO TIME AND SAMPLES INCUBATED 
FOR 8 HOURS UNDER C02 AND N2 ATMOSPHERES 
DETERMINED IN MILLEQUIVALENTS/ML
Sample Zero time C02 n 2
1 .0121 .0115 .0142
2 .0124 .0118 .0150
3 .0124 .0124 .0172





PER CENT INCREASE IN NITROGEN ABOVE CONTENT OF ZERO 
TIME SAMPLES IN NITROGEN FIXATION TRIALS
<ut-l 0) 3 U
co2 AtmosphereI n 2
3 1 16 hrs. 24 hrs. Incubati 32 hrs. on Periods 16 hrs. 24 hrs. 32 hrs.
Cow 1 4.49 4,49 6.36 31.04 42.32 46.81
Cow 2 3.35 -.83 18.94 39.66 92.73 115.08
Cow 3 3.84 5.50 3.84 10.81 24.41 30.05
Cow 4 15.91 43.59 47.92 69.55 86.85 105.01
Cow 5 1.42 2.48 3.53 26.73 31.00 38.40
Cow 6 8.38 9.64 10.90 12.16 16.57 22.87
Cow 7 -1.77 4.70 0.00 11.76 19.90 22.09
Cow 8 6.55 8.38 7.47 7.16 18.49 22.16
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was found to be highly significant. Differences due to time and cow 
were also highly significant. The analysis of variance table for this 
trial is found in Appendix Table 2a.
Figure 6 is a graphic presentation of the average values ob­
tained in the time trials run. The increase in Kjeldahl nitrogen found 
in samples treated with gaseous nitrogen over those receiving no 
nitrogen is apparent.
2. Discussion
The experimental evidence presented by the data from these 
trials indicates a strong ability of some fraction of the rumen popula­
tion to fix gaseous nitrogen.
The significance of establishing the ability of rumen micro­
organisms to fix gaseous nitrogen _in vitro is at the present time 
academic. Until this ability is demonstrated in vivo, rationalization 
as to the applied significance of this phenomenon is at best, educated 
guesswork.
The possibility of nitrogen fixation in the rumen exists. The 
normal absence of free hydrogen, pH 6.8, the low oxygen tension and 
availability of gaseous nitrogen in the rumen, favor the occurrence 
(24). It is, however, doubtful that nitrogen fixation occurs in an 
animal receiving sufficient nitrogenous food to meet its needs. Burk 
and Burris (25) report that the presence of ammonium salts inhibit 
nitrogen fixation and little if any nitrogen fixation is accomplished 
by organisms supplied other available sources.

























Figure 6--Nitrogen content of samples treated with N2 and 
CO2 atmospheres shown as per cent increase over 
zero time samples.
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probably continue to be the major advantage enjoyed by the ruminant.
It should, however, be realized by the researcher in ruminant nutrition 
that the efficiency of the rumen does not stop there.
B. Stratification of Microorganisms in the Rumen
1. Location of Oxygen in the Fistulated Rumen
Feldes1 solution, a reduced methylene blue preparation, was used 
in an attempt to locate the anaerobic and aerobic areas of the rumen. 
After 53 readings, the use of Feldes1 solution was abandoned as only 4 
of the readings indicated an absence of oxygen. These 4 readings were 
obtained in scattered areas of the lower half of the rumen. Thus the 
oxygen meter was used. Figure 5 Illustrates the hypothetical divisions 
of the rumen from which the data concerning oxygen content of a fistu­
lated rumen were obtained. Table 3 contains these data.
TABLE 3
PERCENTAGES OF OXYGEN MEASURED IN FISTULATED RUMEN AT






1 7.2 7.0 6.8 6.1 6.3
2 7.1 7.1 6.8 6.1 6.3
3 4.7 4.7 4.2 3.7 3.7 4.3
4 5.1 4.9 5.0 4.4 4.5 4.5
5 3.0 2.9 2.3 1.8 1.3 1.1
6 2.1 2.3 2 .0 1.3 1.2 1.0
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No measurement undertaken resulted in a finding of less than 
.57. of oxygen. No area measured averaged less than 17.. The .57. mea­
surement is within the instrumental error claimed by the manufacturer 
(104). To determine whether or not the instrument would record a zero 
reading, a Durham tube was immersed in water, filled with helium and 
the content measured. The instrument recorded zero. These findings 
indicate that strict anaerobiosis does not exist in any area of the 
fistulated rumen measured. All measurements of oxygen content were 
made without benefit of a temperature probe and rumen temperature was 
assumed to be 39°. The effect of variation in actual rumen temperature 
is unknown.
The finding of oxygen throughout the fistulated rumen is not
surprising. The constant source of air provided via the fistula and
the turbulence of rumen motion described by Dukes (39) could easily 
account for such findings.
Based upon the findings made with the aid of the oxygen meter, 
fluid to be considered from an anaerobic area was taken from the
bottom area of the rumen. The rumen top was considered the area ex­
posed most regularly to the highest oxygen tension and fluid from the 
top 6 inches of lngesta was selected and used for comparison.
2. Incubation Trials
a) Alfalfa Trials
Table 4 presents the values for cellulose digestion, redox 
potential and volatile fatty acid ratios measured during these trials.
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TABLE 4
DATA FROM JUJ VITRO TRIALS IN WHICH ALFALFA HAY WAS THE 
SOLE SUBSTRATE. (EXPRESSED IN MEANS OF 4 TRIALS)
























cw 7. -MV Area 7. 7. Area 7.
10 1 5,78 500 22.8-47.3-30 3.06 475 29.5-38.5-32.u
S 2 9.00 407 27.7-41.5-30.8 4.65 430 27.2-52.2-20.
u
u 4 18.44 417 28.7-47.9-23.4 8.09 377 21.5-48.3-28.
Sio1-14) 6 23.96 305 22.0-43.1-34.8 19.41 320 25.7-48.5-25.s< 12 44.81 117 25.4-44.9-29.7 31.09 137 29.7-41.1-29.
4-1c
i 1 .14 557 27.4-38.4-34.2 1.48 352 25.3-44.9-29.0u
> 2 4.93 447 22.1-56.9-21 3.46 422 23.4-49.6-27cw 4 10,86 410 25.2-47.1-27.8 11.86 426 27.5-49.1-23.
u•H•Oo 6 24.81 332 20.4-34.5-45 17.54 318 22.0-47.1-31M
3 12 42.00 105 23.8-48.7-27.6 29.37 117 24.3-46.1-29.
aVFA - Volatile Fatty Acids.
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(1) Cellulose Digestion: Data concerning cellulose digestion,
found in Table 4, were analyzed by standard analysis of variance 
(Appendix Table 3a).
A highly significant difference was found to exist between the 
percentages of cellulose digested by the organisms in top and bottom 
fluids (See Figure 7), favoring fluid from the rumen bottom. This 
difference was expected and is in accord with published workB. Smith 
(91), reported that the cellulolytic activity of fluid taken from the 
rumen and incubated JLn vitro was much higher in samples taken from the 
bottom than from the top. The disadvantageous pH, the higher sugar 
found in top fluid would easily account for the lowered activity in 
digestion.
A highly significant difference also was found to exist in this 
data due to time treatments. The variation can be explained to a large 
extent by the choice of times which did not provide equal periods. The 
trials were divided into time periods in order to facilitate the deter- 
mination of differences. The choice of time periods was baaed on the 
desire to measure possible adaptation demonstrated by the microbes.
The difference due to time is considered to have been preordained by the 
time treatment imposed.
Interaction between times and fluids were found to have been 
highly significant. It is felt by the author that this difference was 
primarily due to time periods.
The trials did not produce or failed to measure a significant 
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Figure 8--In vitro cellulose digestion under Anaerobic and 
Aerobic environments.
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responses due Co environments. 1C can be seen £rom this comparison Chat 
Che net effect of atmospheres was not a critical factor In cellulose 
digestion.
The Interaction between atmospheres and fluids was highly signi­
ficant. Figure 9 is a comparison of the responses of bottom fluids to 
aerobic and to anaerobic conditions. The early effect of oxygen on 
bottom fluid is characterized by a decided lag in cellulose digestion. 
This lag, however, is overcome by the end of 6 hours. The curve and 
data from which it was drawn are indicative of adaptation by micro­
organisms (95), Rationalization of this apparent adaptation could 
attribute the possession of adaptive enzyme systems to a significant 
portion of the rumen population. Figure 10 shows top fluid to have 
been relatively unaffected by atmospheric treatment. Comparison of 
Figures 11 and 12 again shows the early effects of oxygen on bottom 
fluid.
These were not expected results. Cellulose digestion has been 
presented by many worxers (58, 61, 21) as a function of strict anaerobes. 
A large difference was expected favoring bottom fluid under anaerobic 
conditions and top fluid under aerobic. These findings do not support 
the theory of stratification of rumen microorganisms. The apparent 
ability of rumen microbes, as indicated by the cellulose digested, to 
tolerate the presence of oxygen explains the well-being of fistulated 
animals. A stratification of rumen organisms would then be a moot 
theory, the effect of oxygen being only temporary and dependent upon 






















Figure 9--An illustration of the response of bottom
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Figure 10--An illustration of the response of top
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figure ll--Responses of top and bottom fluids when 
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Figure 12--Responses of top and bottom fluids when 
incubated under aerobic conditions.
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(2) Redox Potential: Redox potential was measured in all
samples of these trials to be used as an indication of microbial activ­
ity. Data collected are found in Table 4. Statistical analysis of 
these data is presented in Appendix Table 4a.
It was found that highly significant differences existed between 
time period? and also between rumen fluids in redox potential. The 
differences are compatible with the differences found due to times and 
to fluids in cellulose digestion measured from the same samples. The 
interaction between times and fluids and between environments and fluid 
was also found to have been highly significant as in cellulose diges­
tion.
The difference in redox potential due to times can readily be 
seen in the data found in Table 4. This difference can again be attri­
buted to the uneven time intervals employed.
The difference measured between top and bottom fluids was also 
expected and is in accord with the greater rate of activity attributed 
to fluid from the rumen bottom by Smith (91) and found in this experi­
ment .
The interactions between times and environments and between 
times, environments and fluids were found to be highly significant.
These interactions were not significant in cellulose analysis. These 
differences could be due to the contributions made by the digestion of 
nutrients other than cellulose.
The variance partitioned out of the data as contributed by the 






















Figure 13--Effects of aerobic and of anaerobic environments on
Redox potential of In Vitro systems employing alfalfa 
hay as substrate.
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between redox potentials when measured from samples exposed to aerobic 
and to anaerobic conditions. The environments did not measurably alter 
the rates of biological activity in the samples.
Redox potential measured in the trials in which alfalfa was used 
as the substrate substantiate the findings made by the analysis for 
cellulose digestion. As the purpose of both analysis was the determina­
tion of the effects of the environments imposed on microbial activity, 
this agreement contributes substantially to the validity of this experi­
ment .
It can be seen in Figure 13 that while redox potential varied 
greatly over time, the samples measured remained reducing systems.
(3) Volatile Fatty Acid Ratios; Volatile fatty acid ratios 
were determined for all samples of these trials (Table 4). As the acids 
are end-products of microbial metabolism, changes in ratios of these 
acids should Indicate changes in the working populations.
Values obtained for acetic acid were divided into values of 
propionic Acid and butyric acid, respectively. The two acid values ob­
tained for each sample, the aceticspropionic and the acetictbutyric 
ratios, were analyzed by standard analysis of variance. Results of this 
analysis are presented in Appendix Table 5a.
A highly significant difference was found due to the time periods 
imposed. This was an expected result. Increased production of acetic 
and propionic acids are expected in jLn vitro experiments. Elsden (42) 
and, Marston (71) found much higher proportions of propionic to be 
produced _in vitro than was found in vi v o . Gray and Pilgrin (51)
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concluded that the smaller proportions of propionic acid found in rumen 
ingesta reflected the more rapid absorption of this acid.
A highly significant difference was found due to the interaction 
between the times and acids, indicating that different acids were favored 
at different times. It can be seen in the data (Table 4) that propionic 
acid was generally favored in early hours while acetic increased during 
the latter periods.
The interaction between times, environments and fluids was also 
highly significant. The fluids (top and bottom) did not respond in like 
manners during the same time periods to the environments. When bottom 
fluids were exposed to aerobic conditions, propionic was produced in 
larger quantities relative to acetic than when the same fluid was ex­
posed to anaerobic conditions. The response of top fluids to times and 
environments was variable, but no trends were detectable.
The Interaction between times, fluids and acids was significant. 
Different acids were favored by the fluids at different times for rea­
sons other than environments. This difference cannot be explained.
A significant difference was found in VFA ratios due to environ­
ments. It can be seen from the da;a that propionic acid and butyric 
acid production was favored under anaerobic conditions and/or that 
acetic acid was favored under aerobic conditions.
b) Cellulose Trials
Table 5 presents the data when cellulose was employed as a 
substrate so as to magnify treatment effects. Organisms, limited in 
diet, should be more sensitive to environmental conditions than are 
those receiving a variety of nutrients.
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TABLE 5
DATA FROM IN VITRO TRIALS IN WHICH CELLULOSE WAS THE 
SOLE SUBSTRATE (VALUES ARE MEANS OF 4 TRIALS)
"T3

























-MV Area % 7. Area 7.
o*•w> 1 -.29 1050 30.5-52.2-19.3 .16
780 21.7-54.1-24.4
cw
() 2 .22 917 24.2-51.8-23.9 .34 877
30.9-48.8-20.3
•H




6 3.12 1012 25.6-47.2-27.2 2.68 905 25.5-42.7-31.7
12 12.64 481 27.3-42.1-30.9 12.14 733 26.9-49.1-25.7
a
I 1 .06 1062
24.2-44.8-31.1 .22 1055 20.2-38.2-41.6
ou■H> 2 .30 880 23.0-42.1-35 .78
882 16.1-42.9-41.1
cw
u 4 .92 875 20.7-43.8-35.5 1.15 912 18.4-49.8-31.5■H
ol-l 6 2.08 950 18.6-43.6-36.8
2.50 882 20.1-41.4-35.3
3 12 12.24 500 26.5-43.7-30.1 10.82 607 24.0-48.5-27.5
aVFA - Volatile Fatty Acids.
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McAnally (73) found that incubation periods of long duration 
(20-60 hours) were necessary for appreciable digestion to occur when 
pure cellulose was furnished as a sole substrate. As incubation was 
terminated after 12 hours in all trials of this experiment, the findings 
of this phase are considered supplemental and not basic to the experi­
ment .
(1) Cellulose Digestion: The results of a standard analysis of
variance of the data conerning cellulose digestion in this phase are 
found in Appendix Table 6a. In this analysis, highly significant dif­
ferences were found to be due to time periods and to the interaction 
between times and fluids. These findings are compatible with similar 
measurements of cellulose digestion in the alfalfa trials. The signi­
ficance of the difference due to time periods is again thought to be 
due to the uneven intervals chosen. The interaction between times and 
fluids is also again believed due primarily to the time periods.
This experiment did not produce a significant difference due 
to the environments imposed. Although the amount of cellulose digested 
in these trials was small, this is believed to be a significant finding. 
Cellulose digestion in the rumen has been considered a function of 
strict anaerobic systems (58, 21). The inability of this experiment 
to measure a difference between the cellulose digested under aerobic 
and anaerobic conditions, even when cellulose as a pure substrate was 
employed, casts considerable doubt on this belief.
(2) Redox Potential: The data concerning redox potential mea­
surements made during the cellulose trials are recorded in Table 5.
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These data, when subjected to standard analysis of variance (Appendix 
Table 7a) yielded highly significant differences due to time periods, 
time by environment, time by fluid, and time by fluid by environmental 
interactions. These interactions are again felt to be largely a function 
of the time periods.
A comparison of the analysis of variance tables for the cellu­
lose (Appendix Table 7a) and the alfalfa (Appendix Table 4a) trials 
shows close agreement except in the areas of fluid and the environment 
by fluid interactions. The variation contributed by the fluids in the 
alfalfa trials was highly significant while the same variance in the 
cellulose trial was not significant. It is felt that either the amount 
of cellulose digested in the latter trials was too small to provide an 
adequate basis for comparison or the responses of top and bottom fluids 
to pure cellulose might be different to that found when a more complete 
diet is furnished the organisms. It was again found that cellulose 
digestion was not significantly affected by the environments imposed.
(3) Volatile Fatty Acid Ratios; The data collected from 
analysis of the samples in the cellulose trials for volatile fatty acid 
ratios are found in Table 5 and the analysis of variance concerning 
these data is given in Appendix Table 8a. Results obtained are not in 
complete accord with those obtained when alfalfa was used as the sub­
strate. Differences between the two analyses were expected. The 
different rate of digestion, types of microbial action and a possible 
break-down in the symbiosis so apparently essential to proper function 
of rumen populations are thought to have been contributing factors.
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The only finding established in this analysis which is believed 
to contribute materially to the experiment was the finding of a highly 
significant difference in VFA ratios due to environments.
Results from cellulose trials are generally in agreement with 
those of the alfalfa trials. The environments did not bring about dif­
ferences in the rates of microbial action measured. Differences found 
in VFA produced, however, indicate that different types of microbes or 
those functioning with altered metabolism contributed to the biological 
activity measured.
V. GENERAL DISCUSSION
The in vitro techniques employed in investigating the possibil­
ity of nitrogen fixation by rumen inhabitants and the stratification of 
rumen microbes due to oxygen appear to have been effective.
The experiments designed to investigate nitrogen fixation were 
simple, but adequate. Throughout these experiments, the only critical 
areas found in the procedures used were the preparation of washed cells 
and incubation temperatures. In preliminary experiments, not recorded 
in this thesis, it was found that insufficient washing of cells re­
sulted in an inability to measure increases in nitrogen attributable 
to fixation. Control samples which did not have access to atmospheric 
nitrogen showed increases comparable to the increases found in those 
samples provided nitrogen atmospheres.
Nitrogen fixation was not accomplished in two trials during 
which incubation temperatures reached 42° C. Results from these trials 
are not reported as the sensitivity of nitrogen fixation to temperatures 
in excess of 40° C. has been well established (25, 29).
In the first trials run, 6 samples incubated under an atmosphere 
of CC>2 failed to show any increase in reduced nitrogen by the end of 8 
hours. Six samples having access to gaseous nitrogen showed an average 
increase of 30 per cent In reduced nitrogen over zero time samples.
The second trials produced a linear increase in reduced nitrogen 
over a 32 hour period in those samples under nitrogen atmospheres.
46
47
Nitrogen increase reached 50 per cent during these trials (Figure 6).
This total increase cannot be attributed solely to nitrogen fixation. 
Carbon dioxide treated controls gained 12,5 per cent. The differences 
of 37.5 per cent favoring nitrogen treated samples was highly signifi­
cant .
There can be little doubt that rumen fluids collected for trials 
reported in this work contained significant numbers of microbes capable 
of fixing atmospheric nitrogen.
The significance of establishing the ability of rumen organisms 
to fix nitrogen can only be proven by further research, The ability of 
these organisms to fix nitrogen JLn vivo could prove to be of nutritional 
importance. If not, the possibility of interference in nitrogen balance 
trials and other in vivo experiments concerning nitrogen would exist.
In vitro trials in which nitrogen gas is used as an inert component will 
certainly be affected.
Should this finding not prove of economic importance it may at 
least focus attention upon the efficiency of the ruminant animal.
The experiment designed to investigate a possible stratifica­
tion of rumen microorganisms in response to oxygen did not yield ex­
pected results. No severe effects were measured due to the environmental 
conditions imposed. Aerobic conditions imposed failed to retard popula­
tions supposedly consisting of large numbers of strict anaerobes.
While the finding of oxygen throughout the fistulated rumens 
measured prior to these trials has done much toward altering the belief 
in strict anaerobiosis of the rumen, it was felt that top fluids (or
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the facultativea therein) would outperform bottom fluids (or the strict 
anaerobes therein) when placed under aerobic conditions.
Bottom fluids were affected during the early hours of incubation 
trials in terms of biological activity (Figure 9). Microbes in these 
fluids were, however, able to overcome this effect and the net result 
showed no differences due to environments.
Data obtained from this experiment indicate a strong ability of 
rumen microorganisms to adapt to atmospheric environments. This adapt­
ability would eliminate any necessity for, or probability of, a strati­
fication of rumen microorganisms in response to oxygen.
While these findings differ from the general concept of rumen 
microbial response, they are not entirely unsubstantiated. Doetsch et 
a l . (38), and Heald £t ail. (57) obtained high variable counts of micro­
organisms without imposing strictly anaerobic conditions, and the studies 
of Broberg have already been discussed.
Results obtained were produced by microorganisms collected from 
a fistulated animal and treatments were administered under ĵ n vitro 
conditions. It is not the purpose of this discussion to relate these 
findings to normal rumen function. It is believed, however, that the 
evidence presented in this thesis indicates a further need for research 
in the area of oxygen in the rumen.
The finding of oxygen throughout the fistulated rumens measured 
the apparent ability of rumen microorganisms to adapt to aerobic condi­
tions, and the ability of these organisms to digest cellulose equally 
well under aerobic and under anaerobic conditions are not compatible
49
with today's concept of rumen function. In an area as important to 
the dairy industry as is the rumen, questionable basic concepts demand 
further research.
V L  SUMMARY
Certain effects of gaseous nitrogen and oxygen on rumen micro­
bial populations have been investigated by in vitro techniques. The 
effects measured have been the possibility of nitrogen fixation by 
rumen inhabitants and the stratification of rumen microorganisms in 
response to oxygen.
Some fractions of rumen populations investigated were found to 
have a strong ability to fix atmospheric nitrogen _in vitro. The 
organisms achieved substantial increases (up to 50%) in reduced nitro­
gen when provided a source of energy and no nitrogen source other than 
the gaseous form.
The oxygen content of varied area of fistulated rumens were 
determined. No area measured failed to contain a measurable amount of 
oxygen.
No stratification of rumen microorganisms due to their affinity 
for or their incompatibility with oxygen was found to exist. Anaerobic 
and aerobic environments were provided top and bottom fluids. No signi­
ficance was attached to the effects of these atmospheres on cellulose 
digestion or redox potential in these trials. Volatile fatty acid 
ratios produced under the two environments were found to have differed.
The data suggests an ability of rumen populations to adapt to 
the atmospheric conditions imposed, an ability that would render 
stratification a moot possibility.
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ANALYSIS OF VARIANCE OF FIRST NITROGEN FIXATION TRIAL
Variance Source d.F SS MS F
Total 17 .00008232
Treatment 2 .00006457 .000032285 27 .23**
Within 15 .00001775 .0000011835
Comparisons
Zero time vs. CO2 1 .0000003 < 1
Zero time & CO2 vs. 1 .00006425 54.30**
*
Error 15 .0000011833
** Significant at 1% level
* Significant at 5% level
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TABLE 2a
ANALYSIS OF VARIANCE OF SECOND NITROGEN FIXATION TRIAL
Variance Source d.F SS MS F
Total ' 95 77318.442
Cow 7 29745.794 4249.379 53.31**
Time 2 4012.000 2006.000 25.17**
Environment 1 21879.025 21879.025 274.47**
Time X Environment 2 1199.232 599.616 7.52**
Cow X Time 14 3313.896 236.707 2.97**
Cow X Environment 7 11497.140 1642.449 20.60**
Cow X Time X Environment 14 1845.142 131.796 1.65
Error 48 3826.212 79.713
** Significant at 1% level
* Significant at 5% level
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TABLE 3a
ANALYSIS OF VARIANCE OF THE ALFALFA CELLULOSE T R I A L ^
Variance Source d.F SS MS F
Total 7 6 ^ 14111.725
Time 4 12224.788 3056.197 261.43**
Environment 1 7.000 7.000 4  l.oo
Fluids 1 603.631 603.631 51.63**
Days 3 14.803 4.934 4.1.00
Time X Environment 4 111.732 27.933 2.39
Time X Fluids 4 354.845 88.711 7.59**
Environment X Fluids 1 146.779 146.779 12.56**
Time X Environment X Fluids 4 16.865 4.216 <  1.00
Error 5 4 ^ 646.082 11.690
** Significant at 17. level 
* Significant at 5% level 
— cellulose digested 
— / corrected for 3 missing values
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TABLE 4a
ANALYSIS OF VARIANCE OF ALFALFA REDOX POTENTIAL TRIAL
Variance Source d.F SS MS F
Total 79 1384448.75
Time 4 1249476.87 312369.217 568.33**
Environment 1 1.25 1.250 1.00
Fluids 1 9901.25 9901.250 18.01**
Days 3 1686.25 562.083 1.02
Time X Environment 4 8726.88 2181.720 3.97**
Time X Fluids 4 44626.88 11156.720 20.30**
Environment X Fluids 1 8611.25 8611.250 15.67**
Time X Environment X Fluids 4 30089.37 7522.342 13.69**
Error 57 33015.00 550.250
** Significant at 1% level
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TABLE 5a
ANALYSIS OF VARIANCE OF ACETIC: PROPIONIC, ACETIC: BUTYRIC 
VOLATILE FATTY ACIDS (VFA) FOR ALFALFA TRIAL
Variance Source d.F ss MS y
Total 119 33.777
Time 4 1.554 . 386 4,21**
Environment 1 .668 .668 7.28**
Fluids 1 .341 .341 3.72
Acids 1 15.370 15.370 167.64**
Days 2 .253 .127 1.38
Time X Environment 4 1.007 .252 2.75*
Time X Fluids 4 .933 .233 2.54*
Time X Acids 4 1.627 .407 4.44**
Environment X Fluids 1 .002 .002 1
Environment X Acids 1 .207 .207 2.25
Fluids X Acids 1 .019 .019 1
Time X Environment X Fluids 4 1.512 .378 4.12**
Time X Environment X Acids 4 .494 .123 1.35
Environment X Fluids X Acids 1 .063 .063 1.00
Time X Fluids X Acids 4 1.469 .367 4.01**
Time X Fluids X Environment X Acids 4 .118 .029 < 1 . 0 0
Error 78 7.151 .092
** Significant at 1% level 
* Significant at 5% level
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TABLE 6a
ANALYSIS OF VARIANCE OF CELLULOSE DIGESTION TRIAL 
CELLULOSE AS SUBSTRATE
Variance Source d.F SS MS F
Total 7 8 ^ 1653.385
Time 4 1109.910 277.477 347.42**
Environment 1 1.051 1.051 1.32
Fluids 1 .124 .124 1.00
Days 3 2.792 .931 1.17
Time X Environment 4 2.859 .715 <1.00
Time X Fluids 4 488.953 122.238 153.05**
Environment X Fluids 1 .123 .123 1.00
Time X Environment X Fluids 4 2.847 .712 <1.00
Error 562./ 44.727 .799
** Significant at 17- level 
— ^ corrected for 1 missing value
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TABLE 7a
ANALYSIS OF VARIANCE OF CELLULOSE REDOX POTENTIAL TRIAL
Variance Source d.F SS MS F
Total 79 2215652.49
Time 4 1634099.05 408524.762 165.74**
Environment 1 987.01 987.010 1.00
Fluids 1 1058.51 1058.510 1.00
Days 3 4665.14 1555.047 <  1.00
Time X Environment 4 101115.05 25278.762 10.26**
Time X Fluid 4 240068.55 60017.137 24.35**
Environment X Fluid 1 9483.02 9483.020 3.85**
Time X Environment X Fluid 4 83681.55 20920.387 8.49**
Error 57 140494.61 2464.818
** Significant at 1% level
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TABLE 8a
ANALYSIS OF VARIANCE OF ACETIC: PROPIONIC, ACETIC: BUTYRIC 
VOLATILE FATTY ACIDS (VFA) FOR CELLULOSE TRIAL
Variance Source d.F SS MS F
Total 119 40.176
Time 4 1.683 .421 5.81**
Environment 1 7.658 7.658 105.71**
Fluids 1 1.434 1.434 19.79**
Acids 1 12.170 12.170 167.98**
Days 2 .889 .445 6.14**
Time X Environment 4 2.215 .554 7.64**
Time X Fluids 4 1.116 .279 3.85*
Time X Acids 4 .178 .045 < 1.00
Environment X Fluids 1 .526 .526 7.27**
Environment X Acids 1 1.314 1.314 18.14**
Fluids X Acids 1 .032 .032 1.. 000
Time X Environment X Fluids 4 2.588 .647 8.93**
Time X Environment X Acids 4 1.366 .341 4.71**
Environment X Fluids X Acids 1 .002 .002 1.00
Time X Fluids X Acids 4 .636 .159 2.20
Time X Environment X Fluids X Acids 4 .716 .179 2.47
Error 78 5.652 .072
** Significant at 17. level
* Significant at 57. level
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